The objective of this paper is to study the influence of repeated variable action on long-term behavior of concrete structural elements using quasi-permanent combination of actions, for the assessment of long-term effects (e.g., effects due to creep and shrinkage in concrete structures), as it is proposed in Eurocodes. Extensive experimental program and analytical research using model B3 and AAEM (age adjusted effective modulus) method was performed in order to define quasi-permanent factor ψ 2 for two specific loading histories. These loading histories were consist of long-term permanent action "G" and repeated variable action "Q". The variable load was applied in cycles of loading/unloading for 24 h and 48 h in period of 400 days appropriately for one series of concrete elements. 24 reinforced concrete beams, dimensions 150 mm × 280 mm × 3,000 mm, were tested. Twelve beams were made of concrete class C30/37 and 12 of concrete class C60/75.
Introduction


Degradation of concrete structures is usually medium to long-term process that has great influence on structure's working life [1] . Among specific common causes responsible for structural degradation, action of repeated variable loads (cyclic loads) is especially important issue for the assessment of long-term effects (e.g., effects due to creep and shrinkage in concrete structures).
Variable actions (imposed load) are of great importance for certain concrete structures such as: storage areas at warehouses, traffic areas at parking garages ( Fig. 1) and bridges under severe traffic conditions (Fig. 2) .
Repeated variable actions cause significant increase in concrete and reinforcement strain, increase in crack width and deflections, reduction of the tension stiffening and increase in bond-slip [2] .
The long-term effects due to creep and shrinkage Table 2 Recommended values of ψ 2 factor for road bridges (Table A2 .1 of EN1990) [3] .
Traffic loads (see EN1991-2, Table 4 
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The factor ψ 2 is defined as a nationally determined parameter and a value could be proposed in the National annex to Eurocode EN 1990 . This gives opportunity for research of effects of variable load and its replacement by a quasi-permanent load by the factor of participation ψ 2 .
Extensive experimental program and analytical research using model B3 and AAEM (age adjusted effective modulus) method was performed in order to define factor ψ 2 for two specific loading histories. In this research, besides loading histories, one parameter more, strength of concrete was included in the analysis.
Two types of concrete were analyzed: ordinary concrete with a strength class C30/37 and high-strength concrete of class C60/75.
In the experimental test of reinforced concrete beams, deflections, crack width and strains in concrete and reinforcement were measured. In this paper, the results from measured deflections are analyzed to propose factor ψ 2 for quasi-permanent combination of actions to verify criteria requirements for the control of deflection in serviceability limit state.
Experimental Program
Description
An experimental program was proposed to analyze the long-term behavior of reinforced concrete elements under action of different types of loading histories. The following loading histories were defined [6] :
• Short-term load to failure at concrete ages of 40 and 400 days for the series of beams "A" and "F";
• Long-term permanent load "G" that do not cause appearance of cracking in period of 400 days for the series of beams "B";
• Long-term load with intensity equal to the sum of permanent load "G" and variable load "Q/2", i.e., 50% participation of the variable load acts as quasi-permanent load (ψ 2 = 0.50). This sustained load "G + Q/2" was applied for a period of 400 days for the series of beams "C";
• Combination of action of long-term permanent load with intensity "G" and repeated variable load "Q" which was applied in cycles of loading/unloading for 24 hours. This load "G ± Q" was acting on the beam for a period of 400 days for the series of beams "D".
• Combination of action of long-term permanent load with intensity "G" and repeated variable load "Q" which was applied in cycles of loading/unloading for 48 hours. This load "G ± Q" was acting on the beam for a period of 400 days for the series of beams "D". The experimental program is given in Table 3 . For the tests, 24 reinforced concrete beams were used with dimensions 150 mm × 280 mm × 3,000 mm. Of the total number, 12 beams were made of concrete class C30/37 and 12 beams were made of concrete class C60/75. Deformed reinforcement with yield strength of 400 MPa was used. The long-term loads on the beams were applied by gravity lever which enable maximum increase of the applied load for 28 times. For the needs of the experiment, a correction of the gravity levers was made providing increase of 16.8 times of the initial load in order to obtain necessary test loads (Fig. 3) . The dimensions of the concrete beams as well as details of reinforcement and test set up are given in Fig. 4 .
Following measuring points were defined (Fig. 4) : 20 points for measuring of strains at four different Permanent load "G" 400 days C Permanent load "G" and quasi-permanent load "Q/2" G + ψ 2 Q = G + 0.5 Q D Permanent load "G" and variable load "Q" Loading/unloading for Δt 1 = 24 h E Permanent load "G" and variable load "Q" Loading/unloading for Δt 2 = 48 h F Short-term load At 400 days 
Experimental Results
Properties of Concrete
Results of material properties of concrete classes C30/37 and C60/75 are given in Tables 6 and 7 .
Mechanical properties of reinforcement are given in Table 8 . 
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The typical diagrams of the development of autogenous shrinkage, drying shrinkage and creep under constant stress of 10 MPa are given in Figs. 5 and 6.
The testing of the concrete and reinforcement properties was carried out according to the current European-Eurocode standards. Testing of the autogenous shrinkage was done according to the procedure given by Japan Concrete Institute: test method for autogenous expansion of cement paste, mortar and concrete [7] .
Long-Term Deflections
Influence of the permanent action and repeated variable actions on long-term behavior of reinforced concrete beams was analyzed measuring the development of long-term deflections in period of 400 days.
Experimental results for the deflections within the beams series "D" and "E" are given in Section 4.2 Analytical analysis by the AAEM Method, by the relations of deflection (a)-time (t) together with the results from the analytical analysis. The values of initial deflection, obtained at the moment of loading t = 40 days and the final deflection measured at concrete age t = 400 days for series "D" are given in Table 9 , and for series "E" in Table 10 . 
Analytical Results
For analytical analysis of the experiment data first evaluation of autogenous shrinkage, drying shrinkage and creep strains were performed using B3 Model [8] .
This analysis provide data to define improved B3 model compliance function J (t, t'), aging coefficient χ (t, t') and relaxation function R (t, t'). Previously mentioned parameters were used to calculate and to verify long-term deflections by AAEM method. To calculate effects from variable action on long-term deflections of concrete elements quasi-permanent load procedure and the principle of superposition were used.
The analysis of the results, according to quasi-permanent load procedure, was performed to obtain time-dependant deflections under action of variable loads for the series of beams "D" and "E".
The simplest solution of the problem was taking into consideration one load, as sum of permanent and quasi-permanent load, from which we can obtain initial and time-dependant deflection. This solution can be written with the following equation [9] :
where, a t,exp (G + Q)-experimentally obtained deflection under the effect of long-term permanent load G and repeated variable load Q; a 0 (G + ψ 2 Q)-analytically obtained initial deflection under the effect of long-term permanent load G and quasi-permanent load ψ 2 Q; a t (G + ψ 2 Q)-analytically obtained time-dependant deflection under the effect of long-term permanent load G and quasi-permanent load ψ 2 Q, which represents part of the variable load.
This solution has one imperfection in calculation of initial deflection, which for the real loading history used in the experiment, is not correct.
Analytical Analysis by the Model B3
Model B3 was developed by Bazant and Baweja [8] and it is restricted to the service range up to about 0.45f c , where, f c is compressive strength of cylinder at age of 28 days.
Prediction of material properties strength and mix-design were restricted to use of Portland cement concrete with following parameters [8] 
In the model, calculation of strains at constant stress applied at age of the concrete t' can be calculated according to the following equation [8] :
where, J(t, t') is compliance function equal to the strain (elastic and creep strain) at time t caused by a unit uniaxial constant stress applied at age t', σ is uniaxial stress, ε is strain, ε sh is shrinkage strain, ∆T(t) is temperature change from reference temperature at age t,  is thermal expansion coefficient.
The compliance function further is decomposed on [8] :
where, q 1 is instantaneous initial strain due to unit stress, C 0 (t, t') is compliance function for basic creep (creep at constant moisture content and no moisture movement through the material), C d (t, t', t 0 ) is additional compliance function for creep due to simultaneous drying.
The creep coefficient  (t, t') which represents most convenient method for to introduce creep into structural analysis should be calculated from compliance [8] :
where, E(t') is static modulus of elasticity loading age t'.
Model B3 allows updating of creep prediction on the basis of short-term measurements of creep defining two update parameter p 1 and p 2 as follows [8] :
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Updating parameters were calculated according to normal equations of at least square linear regression [8] :
where, J is mean of all measured J i values, F is mean of all corresponding F i values. Updating of shrinkage predictions can be also defined on the basis of short-term measurements of shrinkage by parameter p 6 as follows [8] The model B3 can be used and for special types of concrete such as high strength concretes. Due to the autogenous shrinkage of the high strength concretes it is necessary total shrinkage to be obtained by following equation [8] :
where, ε a is autogenous shrinkage strain and ε sh is drying shrinkage strain.
The value of the autogenous shrinkage strain can be calculated according to the following equation [8] :
where, ε a (t) is autogenous shrinkage, ε a∞ is the final value of autogenous shrinkage, h a∞ is the final self-desiccation humidity (it may be assumed to be 80%) and S a (t) is time dependence of ultimate autogenous shrinkage. Experimental results from testing of drying shrinkage, autogenous shrinkage and creep of concrete were analytically verified using Model B3 and updated B3 on the basis of long-term measurements. Results from the analysis for concrete class C30/37 are given in the following Figs. 7-9.
This analysis using B3 model shows that a good agreement is achieved between the experimental and analytical results especially for the creep compliance. Better results were obtained by using improved B3 model calculating updated parameters p 1 and p 2 . For concrete class C30/37, on the basis of linear regression, following values were obtained p 1 = 0.9088 and p 2 = 0.998 to adjust the creep compliance (Fig. 7) .
Updating of shrinkage predictions was done only by using scaling parameter which for ordinary concrete C30/37 was p 6 = 0.82 (Fig. 8) .
Analysis of autogenous shrinkage using B3 model shows that proposed formula for autogenous shrinkage predictions is not valid for use neither for ordinary concrete and neither for high-strength concrete. In the analysis of experimental data, it was tried to use the formula proposed for calculation of autogenous shrinkage by the model B3 (Fig. 9) .
During the calculation a convergence problem arises when for t   ε a (t  ) = ε a (0.99 h a ), because S a (t) 1. If h a = 80%, in that case we have ε a (t  ) = 0.19 ε a or with other words it does not converge in ε a (t ) =ε a [6] .
Analytical analysis of the autogenous shrinkage was done in accordance to updated formula based on experimental results [6] For high strength concrete C60/75, on the basis of linear regression, p 1 = 1.4264 and p 2 = 0.3319 were obtained to adjust the creep compliance in B3 model (Fig. 10 ) and p 6 = 1.0955 to adjust drying shrinkage (Fig. 11) . Analysis of autogenous shrinkage is given in Fig. 12 .
The proposed formula for autogenous shrinkage gives a better approximation for high-strength concrete than for ordinary strength concrete.
Analytical Analysis by the AAEM Method
For both strength classes of concrete, the analysis using model B3 provide necessary information about creep, total shrinkage, aging coefficient and relaxation function as input parameters to carry out further analysis by age adjusting effective modulus method. The age adjusted effective modulus method is formulated for a one step loading history, i.e., for load that is applied in time t, which is constant until current time t or varies monotonically at a gradually decreasing rate. The response to multi step load histories can be obtained by superposing the solutions for several one-step histories. While the effective modulus method takes one step from the unstressed state of the structure at time t 1 -before the first loading to the current state at time t, AAEMM takes one step from the initial stressed state at time t 1 + after application of the load to the current state at time t. Hence, the initial state just after the loading, which does not have any importance in the effective modulus method, must be calculated separately, based on the standard elastic analysis of structure on the initial modulus of elasticity E(t 1 ) [10] .
In the AAEM method history of stress and strain between the initial and the current state is approximated by a linear combination of creep at constant stress and relaxation at constant strain. The strain α, which is applied in time t 1 and kept constant, causes stress history σ(t)=αR(t, t 1 ), where, R is a relaxation function. Also, the stress β, applied in time t 1 and kept constant causes strain history ε(t) = βJ(t, t 1 ), where, J is the compliance function. In accordance to the principles of superposition the stress and strain histories are [10] : 
From which is possible to determine the coefficients:
With the use of this result the initial (elastic) strain can be obtained from Eq. (14) in:
And the strain increment:
The expression E(t 1 )J(t, t 1 )  1 is a creep coefficient φ(t, t 1 ). If we introduced the so called age adjusted effective modulus [10] : 
This is the basic equation of the AAEM method in which the increment of strain increase over the interval (t 1 , t) is equal to the increment of stress divided by the effective modulus plus the initial (elastic) strain multiplied by the creep coefficient.
To keep the previous derivation simple, we have neglected the shrinkage effect. Anyway the shrinkage effect can be automatically incorporated by replacing of ε(t) with the mechanical strain:
(24) which means that the increment of shrinkage strain must be added to the right side of the Eq. (23). The final form of the basic equation of AAEM (in case of uniaxial stress) is Ref. [10] :
where:
For simple use, the age adjusted effective modulus, whose primary definition is the Eq. (22) can be expressed in the following form [10] :
which represents a adjustment of the effective modulus. This equation has advantage because the so called aging coefficient [10] :
χ(t, t 1 ) varies relatively little, usually from 0.5 to 1.0 with 0.8 as most typical value. Using AAEM method, effects from variable actions were calculated to obtain the long-term deflection using quasi-permanent combinations of actions defining factor ψ 2 .
On the following Figs. 13 and 14 diagrams long-term deflections vs. time are given for the beams of concrete class C30/37. Long-term behavior of high-strength concrete beams concrete class C60/75 is given in Fig. 15 .
Results are given on the basis of experimental data and analytical results by AAEM method for the development of deflections during time using data from previous analysis by the B3 model and the improved B3 model.
According to the analysis presented within the Figs. 13-15, best results were obtained when quasi-permanent coefficient was set by the factor ψ 2 = 0.49 for concrete beams class C30/37 and ψ 2 = 1.0 for concrete beams class C60/75. This means that, in the specific beam set tested, approximately 50% of the variable load should be taken as quasi-permanent load for ordinary concrete beams and full value of variable loads for high-strength beams.
For series "E" beams casted by concrete class C30/37 according to the diagrams presented in Figs and 17 best results were obtained when the quasi-permanent coefficient was set to ψ 2 = 0.66.
In the series "D" and "E" with beams made of high-strength concrete, the analysis of the experimental results and the results obtained with the analytical AAEM method analysis shows that for the determination of the coefficients ψ 2 the stress state should be included in the analysis when cracks appears.
The chosen loading histories for these series of high-strength concrete beams were determined in order to compare the behavior with reinforced concrete beams made of ordinary concrete.
But higher mechanical properties of high-strength concrete enable cracks appearance practically at the level of service load. At this level due to the approximately equal cracking moment M cr = 11.6 kNm and moment of the service loads M s = 12.6 kNm, a stabilized state of cracks was formed. Thus, the coefficient of participation for defining of the variable load as a quasi-permanent action is approaching to ψ 2 = 1 in the analytical solution in order to obtain the experimentally measured deflections. However, this does not coincide with usual practical cases. In this way replacing variable load by permanent load to calculate time-dependant deflections for elements made of high-strength concrete results in wrong solutions.
For the elements of high-strength concrete, it is necessary to define higher values of the stresses, i.e., state of stress that causes cracks from the action of load less than the value of service load. This is a prerequisite for proper analysis of variable loads effect on the behavior of the reinforced high-strength concrete elements to obtained values for the quasi-permanent coefficient ψ 2 . Generally, a decision must be made between cracked and uncracked sections.
Conclusions
From the experimental and analytical analyses of long-term behavior of reinforced concrete beams, made of ordinary and high-strength concrete, subjected to long-term permanent load and repeated variable load following notes are concluded:
• Actions of long-term permanent load and repeated According to experimental and analytical results, repeated variable action was replaced by quasi-permanent action defining it through the quasi-permanent factor ψ 2 .
For the concrete class C30/37 and considered beam arrangements and loading histories by repeated variable actions factor ψ 2 = 0.49 ≈ 0.50 was obtained for cycles of loading/unloading ∆t = 24 h.
Additionally factor ψ 2 = 0.66 ≈ 0.65 was determined for cycles of loading/unloading ∆t = 48 h for beams made of ordinary concrete class C30/37.
For the same loading histories of high strength concrete beams class C60/75 factor ψ 2 = 1 was gained.
